ABSTRACT Northern electric grid of Italy was involved in a black start mock drill. This test took place on November 2016 in order to check the coordination and efficiency of all the operational staffs and the automatic regulators involved in the case of a real blackout scenario. This paper presents the results of a research carried out in collaboration with Terna Rete Italia (the Italian Transmission System Operator), in order to find strengths and weaknesses and eventually to upgrade the existing restoration plan. Starting from the measures coming from generating plants and substations bars, the model of frequency regulation system for both the participating hydro and thermal power plants is developed. This work gives the system operator an essential tool to understand many complex dynamics and phenomena occurred during the test. At the same time, a robust model simulating the system behavior with different grid configurations is presented: it gives the opportunity to enhance both the classical power system control theory and the black start practices.
I. INTRODUCTION
In the last years, the rapid growing of distributed generation has drastically modified the operation functioning of power systems. New needs have arisen in terms of observability, reachability and control besides highlighted critical issues due to the inverter-based generation with a subsequent decreasing of synchronous rotating inertia: the different dynamic behavior of loads have triggered different network regulations. For these reasons, the international activity is very intensive both at normative level (including the national program of distributed generation retrofit) and at operating level for adapting the defense, control and regulation systems to the novel grid reality. The abovementioned situation must be framed in the scenario of climate changes, which dramatically intensifies the violence, and the impact of these stresses on electrical systems [1] - [3] .
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Analogously, besides the preventive and curative countermeasures, it is necessary to conceive strategies and restoration plans adapted to the new system paradigm: this ought to guarantee an electricity service recovery as quick and safe as possible in case of outage more or less wide.
The restoration tests constitute the chief tool in order to verify the real validity of restoration strategies. By means of these tests it is possible to verify that all foreseen procedures are correctly implemented and, at the same time, to verify the robustness of the developed mathematical modeling. The tests are performed by means of intentional and controlled black-out along the chief electric backbones; the involved power plants make all the necessary procedures in order to recover the normal operating conditions in the shortest possible time.
Together with the analysis and simulation tools which are normally used by TERNA both during the preparation of a test and during the study and verification ex post, a project has been undertaken in order to build a Matlab-Simulink environment exclusively devoted to the simulation of the restoration test. This simulation environment, complementary to the grid simulator, gives the possibility to check, validate and quickly modify the system modeling used to plan the restoration tests. From the black start mock drill standpoint, papers [2] , [4] - [11] report the procedures followed during the black start of different power plants and provide several measurements performed during these exercises. The aim of these works is to verify the efficiency of the followed procedures and to analyze the weak points that have emerged during the mock drills. Other interesting contributions focus on innovative strategies to plan the black start of electrical grids [12] or micro-grids, [13] - [15] even by exploiting energy storage installations [16] , [17] . In this paper, authors exploit the frequency measurements carried out during a hydro-tothermal power plant black start mock drill in order to develop a model in Matlab Simulink environment able to correctly represent the black start frequency behavior. The aim of this work is to verify if the classical theory of power systems control can [18] - [25] be effectively applied to correctly foresee the behavior of the systems involved in a black start process. By comparing the frequency simulation results with the experimental frequency measurements, it has been possible to observe how the classical transfer functions commonly used in power system control are not sufficient to correctly represent the real dynamics of power plant black starts. This fact could lead to significant mistakes if a black start plan was designed on the basis of the traditional modeling procedure. In particular, the transfer function of the local integral control has been improved in comparison with that proposed in technical literature [22] - [25] . In the paper, a more complete Local Integral Controller (LIC) transfer function has been presented and integrated in a model representing the whole complex system involved in the black start process. The combination of all the key elements which constitute a single generating plant such as speed transducers, actual speed regulators, error signal amplifiers, servomotors and controlled valves for both steam and water turbine supply, has been taken into account in the model. The frequency regulator model has been developed consistently with the actual frequency regulator characteristics reported in [26] - [31] .
II. BLACK START MOCK DRILL IN THE NORTHERN ITALY
The involved portions of 380, 220 and 132 kV transmission grids (see Fig. 1 and 2 ), which supply distributed loads through a sequential connection of several transformers, a hydro power plant along with a thermal power plant (see Fig. 1 ) which holds the lead role. In this specific case, the voltage regulation has been disregarded since there is an almost perfect unbundling between frequency and voltage due to the very low r/x involved transmission lines. The test was carried out in five stages, which are shown in Fig. 3 and 5 with reference to the behavior of the active power generated by the two power plants and the grid frequency. These stages are: 1) At 7:00 a.m. the thermal power station reduced its production going out from the automatic implementation system of production plans. The station has been switched off from the national electric grid (black-out simulation) in a condition of load rejection but guaranteeing the supply of its auxiliary services. 1) At 8:00 a.m. the external auxiliary service supply has been made unavailable for all the primary stations involved. In these conditions, the scheduled network structure has been set to safely perform the restoration test. 2) At 8:45 a.m. all the generating sets have been stopped in the hydro power station; both the auxiliary systems and the central bars have been disconnected from the national transmission grid.
3) The fourth part consisted in the black start of two generating sets of the hydro power station by means of a 290 kW Francis turbine (see Fig. 4 ) reserved to auxiliary system emergency supply. Once the nominal speed has been reached, the closure of the first group circuit breaker has allowed the energization of the restoration backbone (starting voltage); after this, the closure of the second group circuit breaker has occurred by means of parallel control. In order to allow the thermal power plant to give the network active power (anti motoring action load) in the moment of parallel connection, about 40 MW of distributed loads were connected to the restoration backbone. This step closes with the parallel connection between thermal power plant and the island (including the hydro power plant). 4) During the final phase of the mock drill, the parallel between the island and the rest of the national transmission network has been carried out.
III. BRIEF THEORETICAL RECALLS OF PRIMARY AND SECONDARY FREQUENCY REGULATIONS A. FREQUENCY CONTROL IN RESTORING PROCESS
The frequency deviations in a power systems should be as small as possible (maximum tolerable deviation of ± 100 mHz in the Italian network) to ensure the correct operation of its generating units and loads. Frequency and active power are strictly linked quantities in an electrical transmission system. Both rotating generation units and loads have a frequency-power dependence due to an obvious relation with the mechanical speed [29] . Frequency regulation can be considered as divided into three different kinds of control.
Primary frequency control (i.e. the frequency containment process) guarantees a constant containment of frequency deviations (fluctuations) from the nominal value. By the joint action of all the interconnected parties, primary control stabilizes the system frequency at a stationary value after a disturbance or incident (loss of generation or increase/decrease of the load) in the period of seconds (typically 30 s), but without restoring the nominal frequency (static frequency deviation).
The purpose of the secondary frequency control (i.e. the frequency restoration process) is therefore to bring back the frequency to its nominal value, so restoring the generation margin served by the primary regulation and at the same time guaranteeing the agreed exchanges with the other grids. This control acts on the speed governor by modifying the active power of the generation sets typically in the period of some minutes [29] - [31] .
During the restoration process following a blackout, in the island system that is created, the secondary regulation function managed by the TSO on a national level becomes unavailable since the system is not sound and the power plant involved in the restoration procedures is part of an autonomous islanded network. For this reason, black start addicted power plants (and in general all the power plants with a rated power greater than 10 MW according to the Addendum A15 of the Grid Code) must implement a Local Integral Controller (LIC). Its aim, similarly to the secondary frequency control, is to locally regulate the active power supplied by a generating set, until the deviation between real and nominal frequency gets under a pre-set value.
Eventually, the tertiary control (i.e. the replacement reserves) consists in recovery of the generation margin enslaved to the regulations [19] , [20] . Therefore, secondary and tertiary control are not of interest for this study, since they do not affect the automatic regulation system of a power plant during a restoration process.
B. PRIMARY AND LOCAL INTEGRAL CONTROLLER BLOCK DIAGRAMS
Fig . 6 shows the block diagram in Laplace domain of a speed-frequency linearized feedback control, consisting of two coexisting feedback loops, one for primary frequency control and one for the LIC. f , P i and P L identify the Laplace transforms of the frequency variations (in Hz), of the variations of the mechanical power generated by the turbines (in MW) and of the variations of the active power absorbed by the loads (in MW) respectively.
In other words, P L represents the disturbance occurring in the network, which triggers the frequency control operation. P i in Fig. 6 is discomposed in the primary and the LIC power contributes ( P i and P i ) supplied by the power plants to assess the primary frequency control and the LIC one. In fact, after a disturbance, the grid frequency must be brought back to the desired value or to a value close to it by the control system. The real core of the frequency control system lies on the G r (s) transfer function, which is related to the primary frequency control given by:
where: -T 1 ∼ = 15 s (in case a standard hydro power plant [10] ) is the first order pole time constant; -T 2 ∼ = 5 s (in case of a standard hydro power plant [18] )
is the first order zero time constant; 47320 VOLUME 7, 2019
-b' p is the permanent generating set droop level, with a fixed value of 4%, according to the Grid Code [21] ; -b' t is the transient droop level, sensed from a generating set in the instants immediately after a disturbance (in order to reduce the stress that the generating set has to endure); -θ/θ n represents the degree of openness of the valve control system, where θ n is the maximum openness of the valve; -f n is the nominal frequency of the system. In the past, regulators and amplifiers were mechanicalhydraulic, electromechanical or electro-hydraulic: now, they are electrical or electronic. For this reason, few years ago, it would have been necessary to consider complex regulator schemes with accelerometer, transient feedback or temporary droop. Nowadays, G r (s) is reduced to a proportional derivative contribute for the primary regulation function or to a mere integrative action for automatic integral regulation function [22] - [25] . The LIC frequency control is represented in Fig. 6 by the local integral controller, whose transfer function G LIC (s), commonly used in literature, is given by:
where K I is the integral controller gain, commonly set to 0.01 [19] - [21] . The functions G v (s) and G a (s) in Fig. 6 take into account the response time of the turbine valve control and of the turbine supply system respectively. Eventually, in order to consider the rotating inertia of the system, a third block needs to be added. It consists of an ideal integrator with two coefficients T a and P n characterizing the generating set start time and the nominal power respectively.
IV. MODEL DEVELOPMENT
In this section, the modeling procedures developed to represent the black start process described in Sect. 2 is expounded. The modeling process consists of two different steps. The first step implements a simple model with a single generating plant control. The second step enhances the first basic model towards a complete one, by taking into account:
• all parallel connections and disconnections of the generating sets;
• both primary and local integral frequency controls;
• the operator manual interventions on speed regulators [26] - [31] . The active power trend measured on the hydro power station bars is set up as a disturbance. The subsystem representing the generating set inertia (explained in the previous section) shows a start time coefficient T a of 8.5 s for the thermal power plant. Differently, for the hydroelectric power plant the T a coefficient is equal to 12.5 s. This value, taken from hydro generating set datasheet, is unusual: although plants of this kind have start time values between 8 and 10 s, this specific hydro power plant has the structural peculiarity of a heavily increased rotating inertia. The primary and LIC frequency control transfer functions are implemented by considering the parameters extracted from the regulator datasheet. In order to replicate the restoration process described in Sect. 2, the control system models of the two power plants are joined in a unique model, to observe how the two systems interact with each other. The models of the generating units are managed independently from each other, so that the contribution of each generating set can be highlighted on the basis of how many rotating elements are instantly connected. The complete final model overview is represented in Fig. 7 . All the block functions inserted in the model are built separately, in order to keep every contribution visible. The TF1 subsystem includes all the manual interventions executed by the plant operators on thermal plant production level and the auxiliary system power absorptions. The latter needs to be considered since, for the duration of the test, the thermal plant was not turned off, but kept in a condition of load rejection. The two central subsystems TF2 and TF3 represent the real core of the model. The first describes the feedback control of the thermoelectric plant, whereas the second represents the hydroelectric one. The structure of the regulation system is not very different between the two power plants: they differ for the calibration values of the regulators and for the blocks representing the dynamics of the generating sets. Within each subsystem, there are two blocks simulating the primary regulation of each generating set and two blocks performing the integral regulation. In this case, the primary regulation was performed by both the two power plants, whereas only the hydroelectric plant provided for the integral regulation. All other smaller blocks within TF2 and TF3 are linked with the TF4 subsystem. It includes all the control logics, which pilot the two power plant blocks. All the logics hold in TF4 and the manual commands represented in TF1 are given as input data to the model. The correct timing of these operations can be accurately deduced from Fig. 3 and from scheme of fig. 5 , which briefly summarize them. The TF5 subsystem represents the total rotating inertia of the system. As input, it receives the output values of the mechanical power from the subsystems TF2 and TF3, together with the values of the active power delivered by the power stations in the network. The latter data comes from the measurements at the power plant busbars. Rotating inertia, as well as the intervention of frequency regulation control functions, also depends on the effective presence of the generating sets. For this reason, TF5 is also linked to the control logic subsystem. The remaining blocks, external to the above mentioned subsystems, served as a monitoring to verify the correct construction of the model. They are used to calculate the average square deviation between the results of the simulation and the actual measurements on the network. The most interesting monitored quantities have been the grid frequency, the active power supplied by the hydroelectric plant and that supplied by the thermoelectric plant (as already shown in Fig. 3) . Eventually, two blocks are used to transform the data provided in discrete time by the instruments into continuous time functions for the correct functioning of MATLAB/Simulink. 
A. THEORETICAL LIC BLOCK DIAGRAM VS. THE REAL ONE
An important achievement of this work consists in the creation of a block diagram for the LIC regulation system, which simulates the real operation (see Fig. 8 ).
A modeling process performed only on the basis of the classical control theory [18] , [22] - [25] , would have led this study to a negative result.
In fact, in the first instance, with the use of a LIC built with the classical formulation in (2), it was not possible to have a good match between simulation and experimental data as shown in Fig. 9 .
Only after a careful analysis of the involved generating groups and of the European standards for the frequency regulation systems [19] , [20] , it was possible to structure the complete model of a LIC whose behavior corresponded to the real one. In Fig. 8 the used LIC block scheme is represented.
The grid frequency f grid subtracted from the frequency reference value f ref determines the frequency error f . It is worth noting that the TSOs request that the LIC enters into operation only if f is out of a certain range of frequency [19] , [20] namely R f in the following, which is equal to ±0.3 Hz for the Italian network.
Once the LIC is active, it integrates the frequency error until it falls inside a definite dead zone D f < R f , which is equal to ±0.1 Hz in the Italian network.
Moreover, in real industrial applications the LIC must not overstress the supply control and the valve system. In order to satisfy this target, the limitation of the frequency error to a fixed value L f is equivalent to set a maximum speed of variation of the power set-point required by the turbine.
This function is essential and always implemented in the real LIC systems. In light of this consideration, the G LIC (s) transfer function commonly used in literature is therefore only a part of the real one, namely G LIC R EAL (s) in the paper. In time domain, it can be expressed as a step-wise function, i.e.:
where g r ( f ) can be expressed as:
where K I is set equal to 0.1.
when f falls outside of the R f range. Matlab-Simulink environment allows user to pass easily from time domain equations to the Laplace domain ones.
V. RESULTS AND DISCUSSION
The comparison between the measured frequency behavior in the island grid and the simulated one is shown in Fig. 10 with a percent root mean squared error of 0.05 % i.e. 25 mHz. The figure impressively confirms the effectiveness of the described modeling.
In addition to the grid frequency behavior, the simulation also gives as output the active power generating level for each generating plant (see Fig. 11 ).
This second (and not less important) result shows how connected generating plants split between each other the total amount of active power required from loads. Like the previous frequency behavior, also the comparison between simulated active generating power and the measured one shows a negligible error (i.e. a root mean squared error of 0.59 MW). The highest deviation from the measured values occurred around 9:45 a.m., when the thermal plant operators manually acted on the regulator increasing the generating level. In the simulation, this event is represented by a power ramp, whereas in reality these hand-actions have been imparted in a completely arbitrary manner. However, this approximation is tolerable, because even if the power levels deviate from measurements during the manual interventions, after these, the measured active power and the simulated one return to match. The authors have performed many other comparisons concerning this restoration test (here not reported for the sake of brevity). They deal with an in-depth study of input and output values of each system sub-block. This also allows the authors to observe not only the dynamics of individual units, but also the separate contributions of the primary and secondary regulation control systems.
From the analysis of the model results compared with ongrid measures, the following considerations can be drawn.
A. INTEGRAL REGULATOR FAST RESPONSE
The development of a more complete and realistic LIC transfer function makes it possible to interpret easily the measurements.
As it is shown in fig. 12 , by applying in (2) the commonly used gain K I = 0.01, the LIC cut frequency is equal to 10 −2 rad/s. This result does not justify the disturbances due to the resonance effects of penstock, caused by the pressure waves inside the penstock and surge tank, which are clearly visible in Fig. 10 in the form of rapid fluctuations in the measured frequency behavior [32] - [34] . In order to better understand this issue, Fig 13 shows the pressure graph sampled by probes installed at the penstock base: the ideally constant pressure value has two overlapped sinusoidal oscillations of about 15 s and 150 s (f ∼ = 0.07-0.007 Hz). Therefore, on the basis of the LIC cut frequency computed by (2), the penstock resonance effect should be filtered by the LIC action. The explanation of this effect has been found by implementing the actual LIC cut frequency value in the model by means of (3) and by changing the integration gain K I from 0.01 to 0.1. This gain is affected by a series of refinements carried out at the power plant in order to guarantee the suitable readiness of the generating unit linked to a real power system. Therefore (as shown in Fig. 12 ) the LIC cut frequency in this case close to 10 −1 rad/s (ten times higher than the theoretical one). Therefore, the response of the real integrator is clearly more reactive. Fig. 14 shows the difference in the simulation results by changing the K I value. It is worth noting that if the traditional transfer function (2) was implemented by changing the gain K I from 0.01 to 0.1, it would have not been sufficient to correctly represent the behavior of the system, and it would have not been possible to understand the reason behind the mismatch between measurements and model results, as it is shown in Fig. 15 . Fig. 16 shows the importance of the LIC action by simulating a hypothetical situation without it: the frequency deviations would be such not to render possible the restoring the grid. The presence of LIC is essential since it renders possible the synchronization of the island with the rest of national grid by means of the closure of the circuit breaker, which allows the connection between the two grids.
B. PENSTOCK RESONANCES
Although the developed model does not take into account the resonances generated by the pressure waves inside penstocks and surge tanks, there are no instability issues [32] - [34] . However, the presence of overshoot or undershoot phenomena is not negligible a priori. For this reason, a further development of the model is necessary by building a transfer function that simulates the influence of the penstock pressure waves on the frequency control system.
C. HIGHER DROOP THAN EXPECTED
The permanent droop of the thermal power plant is 10-11%, higher than the theoretical values reported in technical literature [18] for typical operating points (generated power close to the rated one) but coherent with an operating point at minimum load.
D. GENERATING SET INSERTIONS
Power swings are the oscillations in active power flows consequent to the parallel insertion of a generating set on the island. In the first seconds from the parallel of the different sets, the simulated and measured active power do not match. In the simulations, in fact, the transient oscillations due to the set power swings are neglected.
From official test reports, it turns out that the thermal plant parallel connection was instantly followed by a production step up ranging between 8 and 12 MW in order to avoid returns of power from the grid. It is impossible to identify an exact value because this depends on many variables, such as the phase displacement between generator and grid at the time of connection, boiler pressure and temperature. The connection of a generating set and the power increase have been then represented by a simple first order step, because it is impossible to replicate a priori the power swings transient [37] - [41] .
E. DISTRIBUTED LOADS BEHAVIOR
A fundamental consideration emerges from the observation of distribution transformers during the transient following their connection to the island. Immediately after their connection, the absorbed active power rises up to 120% of their steady-state value (see Fig. 17 ) but, in some cases, up to 170 %. This phenomenon is common and well-known by TSOs: it occurs at the re-supply of the loads since, in the first instants, the coincidence factor increases. This absorption must be taken into account since it determines the under frequency transient. In the next instants, the power absorbed by the loads decreases due to the distributed generation, which automatically links to the grid. This phenomenon must be taken in due consideration when planning a restoration test: after the abovementioned peak, a nonlinear decreasing of the absorbed power can be observed in the transient. This behavior is due to the presence of distributed generation, which can power the network as soon as the voltage and frequency conditions allow it, without the need for a consensus from the system operator. The difficulty level during the planning phase of a restoration test further increases when consideration is given to the fact the some renewable resources (e.g. photovoltaic systems) follow weather conditions which may strongly vary during the hours of a day. For these reasons, it is fundamental for the TSO to know the exact size of the distributed generation that automatically comes into production as soon as the grid conditions allow it. This is an essential requirement to adjust the total power supply level on black-start generating sets, so that main thermal plants can be re-started and restoration procedures can be correctly implemented [29] - [33] . In the technical literature, this topic is included in the ''observability'' and implies a knowledge of the distributed generation both at operating planning and at real time levels.
VI. CONCLUSIONS
This paper presents the process of implementation and validation of a MATLAB/SIMULINK (widely used by the authors also for other network models [43] - [49] ) simulation tool of electromechanical transients associated to the restoration test: this tool joins the extremely powerful ones, which TERNA has developed in the last years in RME and EMT environments.
The added value of this tool potentially lies in the possibility of realizing and quickly validating the dynamic models which successively could merge into the grid simulator.
The agreement between SIMULINK model and measurements is extremely promising even if the penstock resonances of the hydroelectric power plant are not considered.
The chief conclusions derived from the Simulink model are:
• The approach used in the modeling of restoration backbone appears to be suitable;
• The presence of overshoot or undershoot phenomena due to pressure waves along the penstock is not negligible a priori even if, in this specific case, this phenomenon has not been cause of instability or bad results. It is worth noting that the ratio r/x of the transmission lines involved in the mock drill are extremely low so that the frequency behavior depends prevalently upon the active power. However, further developments of the model require the implementation of the automatic voltage regulations, which, in turn, prevailingly depend on the reactive power. Moreover, this future enrichment and enhancement of the model will be validated by other restoration tests foreseen in Italy. The new European Rule 2017/2196 (Network Code Emergency and Restoration) places particular emphasis on studies, compliance checks and restoration tests: this practice has been consolidated in Terna for a long time and improved during the years in terms of accurateness of the models for studying and simulating and in terms of validation during the real restoration tests.
In the light of the results obtained from this research, in the future, the SIMULINK program could be used as propaedeutic and complementary but never replacing the real tests which allow gaining numerous data on the system functioning and on the capability of restoring the electric grid in short times.
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